The ratio of transmitral early filling velocity (E) to early diastolic tissue velocity (E ′ ) is a key diastolic function parameter.
Introduction
Previous studies have shown that impaired left ventricular (LV) systolic or diastolic function was associated with a poor prognosis in patients with heart failure (HF). 1, 2 The ratio of the transmitral early filling velocity (E) to the early relaxation tissue velocity (E ′ ) is a key diastolic function parameter and correlates well with LV filling pressure in patients with reduced LV ejection fraction (LVEF). 3, 4 An E/E ′ ratio .15 generally indicates a high LV filling pressure and identifies patients at high risk for adverse events. 5, 6 However, the E/E ′ ratio cannot accurately estimate LV filling pressure when the ratio is between 8 and 15. 5 In addition, the E ′ approach usually assumes that the local measurement, at either a single site or two sites, represents global LV relaxation. The difference between sites is often exaggerated in patients with regional wall motion abnormalities, which are common in old myocardial infarctions or left bundle branch blocks. In this context, the global strain rate at early LV filling phase (E ′ sr)
derived from speckle strain analysis has been proposed as a better substitute for E ′ in the E/E ′ ratio to estimate LV filling pressure, because the E ′ sr can be calculated from the whole left ventricle and more accurately reflects global LV relaxation. 7 -10 The advantage
of the E/E ′ sr ratio over E/E ′ ratio in predicting outcomes has been demonstrated in acute myocardial infarction or atrial fibrillation. 7, 8 Speckle-tracking deformation analysis not only allows for quantifying ′ sr, but also enables the assessment of LV systolic function. Previous studies have shown that the global longitudinal strain (GLS), the mean peak longitudinal strain of all LV segments, is superior to the LVEF in predicting outcomes in chronic HF, acute myocardial infarction, or systolic dysfunction. 11 -14 No study thus far has evaluated the prognostic value of the E/E ′ sr ratio in patients with reduced LVEF. Moreover, a combination of LV diastolic (E/E ′ sr) and systolic (GLS) function indexes, both derived from speckle-tracking deformation analysis, may be clinically useful in predicting outcomes for patients with HF. Therefore, the present study was designed to determine the prognostic value of the combination of the E/E ′ sr ratio and GLS in patients with systolic HF.
Methods

Study population
The study is a retrospective, single-centre, observational study. We retrospectively studied 330 consecutive patients aged 20 -85 who were hospitalized due to decompensated HF with a New York Heart Association (NYHA) functional class of III or IV and LVEF of ≤40% from 1 July 2007 to 31 December 2012. Those patients with known chronic stable HF admitted for evaluating LV assist device or heart transplantation were not enrolled. Patients with more than one nonanalysable segment in each apical view by speckle-tracking analysis were also excluded. The other exclusion criteria were severe valvular disease, atrial fibrillation, co-existing malignant disease, history of pacemaker implantation, or recent cardiac or cerebral ischaemic events within the past 3 months. In addition, patients with coronary revascularization, valvular heart surgery, or device therapy during the follow-up were excluded. The ischaemic aetiology of HF was defined by one of the following criteria: (i) ≥75% luminal diameter stenosis of the main epicardial coronary artery; (ii) history of myocardial infarction or coronary revascularization; and (iii) myocardial ischaemia or infarction documented by the myocardial perfusion imaging. The patients were stabilized by medications and underwent index echocardiography.
The study end point was defined as all-cause death or heart transplantation. The study protocol complies with the Declaration of Helsinki and was approved by the local institutional review board.
Conventional echocardiography
The subjects underwent transthoracic 2-dimensional echocardiography using a commercially available system (Vivid 7, General Electric Vingmed Ultrasound, Horten, Norway). Left atrial volume, LV end-diastolic volume, LV end-systolic volume, and LVEF were assessed from apical views using the modified Simpson's method. Transmitral E wave, filling velocity during atrial systole (A wave), deceleration time, E ′ velocity, and pulmonary artery systolic pressure (PASP) were measured using conventional-or tissue-Doppler echocardiography. The E ′ velocity was calculated from the average of the lateral and septal values.
Speckle-tracking analysis
Longitudinal strain and strain rate of the left ventricle were analysed from the three apical views using commercial software (EchoPAC 7.0, General Electric Vingmed Ultrasound). For speckle-tracking analysis, the frame rates of grey-scale images were set between 50 and 80 Hz (mean 61 + 8 Hz). A single beat was analysed each time, and values from three cardiac cycles were averaged to obtain each index. From an end-systolic frame, a region of interest was traced along the endocardial border and was adjusted to include maximal wall thickness. The software automatically tracked the image speckle and produced six longitudinal strain and strain rate curves for each apical view. GLS was calculated as the mean peak systolic longitudinal strain of all LV segments and was expressed as an absolute value. Global peak systolic strain rate (S ′ sr) and global E ′ sr were calculated from the mean values of all LV segments. The E/E ′ sr ratio was calculated as E velocity divided by global E ′ sr ( Figure 1 ). Measurements were averaged over three cardiac cycles and were made by the same observer, who was blinded to the clinical data.
Statistical analyses
Continuous variables were expressed as mean + standard deviation or as median (range). Proportions were compared using x 2 or Fisher's exact tests. Correlations between continuous variables were assessed using linear regression. Predictive variables for outcome were estimated using the univariate and multivariate Cox proportional hazard regression models. All continuous variables were assessed per unit standard deviation to enhance the comparison of the variables. Variables with a univariate statistical significance of ,0.1 were selected to include in the multivariate model in the following manner. First, significant clinical and echocardiographic variables that were known prior to global systolic and diastolic function measures were entered into the model. We calculated a series of nested models, with the addition of the global systolic (LVEF or GLS) and diastolic function (E/E ′ or E/E ′ sr ratio) indices. LVEF and GLS were entered into the model as a negative variable to produce a positive hazard ratio (HR). We assessed independence and incremental value of LV systolic and diastolic function indices over baseline variables by comparing the model x 2 values at each step. The optimal cut-off value of E/E ′ sr and GLS was found by maximizing the partial likelihood in a univariable Cox model with the HR with 95% confidence intervals (CI). The Kaplan -Meier estimate of event-free survival was calculated and plotted according to the cut-off value. Reproducibility and variability were assessed in 20 randomly selected patients. For all tests, a P , 0.05 was considered statistically significant. Statistical analysis was performed using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA) and STATA software version 10.1 (StataCorp, College Station, TX, USA), Table 1 Data are presented as mean + standard deviation or numbers (percentage). ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; E/A, ratio of transmitral early filling velocity to filling velocity during atrial contraction; GFR, glomerular filtration rate; E ′ sr, global strain rate at early filling phase; E/E ′ , ratio of transmitral early filling velocity to early diastolic tissue velocity; E/E ′ sr, ratio of transmitral early filling velocity to early diastolic strain rate; GLS, global longitudinal strain; LV, left ventricular; LVEDVI, LV end-diastolic volume index; LVEF, LV ejection fraction; LVESVI, LV end-systolic volume index; LVMI, LV mass index; PASP, pulmonary artery systolic pressure; S ′ sr, global peak systolic strain rate.
Results
The baseline patient characteristics according to outcomes are summarized in Table 2 . Ninety-nine end points (30.0%) were recorded over a median follow-up of 46 (inter-quartile range, 25 -72) months. Forty-seven patients died of pumping failure; 22 of ventricular arrhythmias or pulseless electrical activity; 22 of infection; and 2 of acute stroke and 1 of acute myocardial infarction. There were five patients receiving heart transplantation during the study period. Patients reaching the end point were older and had a longer QRS duration, higher prevalence of diabetes and ischaemic aetiology, and lower haemoglobin, serum sodium, glomerular filtration rate, and prescription rate of angiotensin-converting enzyme inhibitor or angiotensin receptor blocker. Regarding the echocardiographic parameters, patients who reached the end points had lower LVEF and greater left atrial volume index, LV end-diastolic volume index, LV end-systolic volume index (LVESVI), mitral E, E/E ′ ratio, and PASP than those who were free from the end point. For the deformation parameters, patients who reached the end point had more impaired GLS, S ′ sr, and E ′ sr, as well as higher E/E ′ sr ratio than those who were free from the events. Supplementary data online, Table S1 , summarized the univariate correlations between E ′ sr, E/E ′ sr, and other echocardiographic indices. The E/E ′ sr ratio was strongly correlated with GLS (r ¼ 0.460), mitral E (r ¼ 0.553), and E/E ′ (r ¼ 0.526, all P , 0.0001). The E/E ′ sr ratio was also moderately correlated with left atrial volume index (r ¼ 0.350), LVESVI (r ¼ 0.386), and LVEF (r ¼ 20.365, all P , 0.0001). Univariate analysis using a Cox proportional hazard model revealed that the following factors were associated with outcomes: age, ischaemic aetiology, QRS duration, diabetes, glomerular filtration rate, haemoglobin, serum sodium, LVESVI, and PASP ( Table 2) . A multivariate Cox regression model including the variables identified as significant in the univariate analysis showed that age (HR, 1.32; 95% CI 1.00 -1.73), glomerular filtration rate (HR, 0.77; 95% CI 0.59 -0.99), PASP (HR, 1.35; 95% CI 1.09 -1.67), and LVESVI (HR, 1.33; 95% CI 1.11-1.58) were independent predictors of outcomes ( Table 2 ).
The baseline model of above significant variables could significantly predict all-cause death and heart transplantation (x 2 ¼ 49.3, P , 0.001). Prognostic information obtained by the addition of LVEF, E/E ′ , GLS, and E/E ′ sr are provided in Figure 2 . The LVEF Figure 3 shows the Kaplan -Meier curves of patients quartered based on the cut-off values of GLS and E/E ′ sr ratio: Group 1 (GLS ≥ 7.5% and E/E ′ sr ratio ,195 cm), Group 2 (GLS ≥ 7.5%
and E/E ′ sr ratio ≥195 cm), Group 3 (GLS , 7.5% and E/E ′ sr ratio ,195 cm), and Group 4 (GLS , 7.5% and E/E ′ sr ratio ≥195 cm). 
Reproducibility and variability
The intra-and interobserver reproducibilities for GLS and E/E ′ sr were 0.94 and 0.92 (intraclass correlations, intraobserver) and 0.90 and 0.88 (intraclass correlation, interobserver), respectively. Interobserver and intraobserver variabilities were 9 and 12% for GLS, and 9 and 11% for E/E ′ sr, respectively.
Discussion
This study shows that the E/E ′ sr ratio by two-dimensional speckle- information in systolic HF. The E/E ′ sr ratio, rather than the E/E ′ ratio, was found to be a strong independent outcome predictor in patients with systolic HF. Additionally, the combined assessment of the E/E ′ sr ratio and GLS showed significant incremental prognostic value over the significant baseline variables including the LVEF and E/E ′ ratio. Previous studies investigating the mitral E/E ′ ratio for predicting LV filling pressure and prognosis have yielded conflicting results. 5, 15 Several studies indicated that the E/E ′ ratio correlated well with the pulmonary capillary wedge pressure (PCWP), a surrogate for LV filling pressure, in patients with HF. 16 -18 An E/E ′ ratio .15 can be highly sensitive and specific for predicting a PCWP .15 mmHg. 17, 19 In contrast, other studies showed that the E/E ′ ratio does not reliably predict PCWP and outcomes in patients with systolic dysfunction, particularly those with severe LV dilation and more depressed LV function. 15, 20 The E/E ′ sr was recently introduced as a potential useful parameter of LV diastolic function. 7, 8, 10, 21 Several studies have demonstrated that the E/E ′ sr ratio, either derived from longitudinal or circumferential strain rate, better correlated with PCWP and was more accurate in predicting LV filling pressure than the E/E ′ ratio. 10, 21 In patients with acute myocardial infarction, E/E ′ sr ratio was superior to the E/E ′ ratio in representing global LV relaxation and showed incremental prognostic value over LVEF and GLS. 7 In patients with atrial fibrillation, the E/E ′ sr ratio, determined at an index beat with nearly equal preceding and pre-preceding intervals, was better than the E/E ′ ratio as an independent prognosticator. 8 In the present study, we further confirmed the superiority of the E/E ′ sr ratio over the E/E ′ ratio in predicting outcomes and have shown the incremental prognostic value of combined E/E ′ sr and GLS in systolic HF. There are several reasons why the E/E ′ sr ratio performed better than the E/E ′ ratio in predicting prognosis. These include the wellknown limitation of tissue-Doppler imaging, such as angle dependency with the potential for significant errors with angulations .208. 22 In contrast, strain or strain rate indices derived from speckle-tracking catch up grey-scale characteristics within myocardium and are less angle dependent. 23 Second, the E ′ is often obtained at the septal or lateral annulus and assumes that the local measurement reflects global LV relaxation. 17, 19 However, situations in which regional dysfunction or mechanical dyssynchrony is present, as in advanced HF, old myocardial infarctions, or left bundle branch blocks, can compromise accuracy compared with E ′ sr that can be derived from all LV segments. Third, the E ′ value is obtained from the mitral annulus and the measured value is affected by preload and valvular pathology. 24 In contrast, E ′ sr is obtained from the myocardial deformation, which is less load dependent and not influenced by valvular pathology compared with E ′ .
Several studies have demonstrated the superiority of GLS over LVEF in predicting outcomes in patients with acute and chronic HF. 11,13,25 -27 Compared with LVEF, which is derived from biplane LV images, the GLS, which is derived from three apical views of the left ventricle, may be more representative of global LV function. The combined assessments of GLS and E/E ′ sr ratio through speckletracking analysis is advantageous in practice since the peak systolic strain and early diastolic strain rate can be obtained simultaneously from one tracing and determining these parameters using speckle strain analysis is efficient. Importantly, our study revealed that GLS and E/E ′ sr ratio were both important and independent predictors of mortality in systolic HF. Conceptually, myocardial strain is more accurate than LVEF and velocities in the assessment of intrinsic myocardial contractility and relaxation properties. Combined assessments of GLS and E/E ′ sr ratio are clinically feasible and may help identify high-risk patients. Our study indicated that HF patients with depressed GLS and high E/E ′ sr showed extremely poor outcomes. How to manage these patients remains challenging. Diuretics should be used to maintain euvolaemia with the lowest achievable dose especially in patients with a high E/E ′ sr. Titration to maximal tolerated doses of angiotensin-converting enzyme inhibitors (angiotensin receptor blocker if not tolerated) and b-blockers are important. Mineralocorticoid antagonists like spironolactone or eplerenone should be used more often, as the evidence from randomized trials suggests a significant decrease in mortality and HF hospitalization. 28, 29 Ivabradine can be used more often to reduce HF hospitalization in patients with a LVEF ,35%, sinus rhythm, heart rate .70 bpm, and persistent symptoms (NHYA Class II -IV). 30 Implantable cardioverterdefibrillator and cardiac resynchronization therapy have a major impact on the mortality and morbidity of HF patients and should be considered in patients who fulfill the indications. 4 
Limitations
Although the predictive power of GLS and E/E ′ sr ratio for outcome remained significant after multivariate adjustment, other parameters such as natriuretic peptides or biomarkers could have yielded further prognostic information; however, they were not analysed in the study. The size of the study population and number of events investigated in this study were insufficient for identifying various outcome predictors. In this study, we measured longitudinal deformation instead of circumferential or radial deformation. Longitudinal deformation was chosen, because GLS has been well validated against LVEF in previous studies, 11, 13, 27 it is reproducible, and analysis is efficient. However, further investigation is required to determine whether circumferential or radial deformation could yield different results compared with longitudinal strain. Additionally, because severe valvular disease, atrial fibrillation, pacemaker implantation, or HF patients with NYHA functional Class I or II were excluded in the study, our results should not be extrapolated to these patients. It would be interesting to know whether the prognostic impact of this E/E ′ sr index could be applied to chronic HF patients with mild symptoms. Finally, the study was conducted in HF patients retrospectively. A prospective study is necessary to validate the actual feasibility and efficacy of this novel index.
Conclusions
This study revealed that GLS and the E/E ′ sr ratio, assessed on the basis of two-dimensional speckle-tracking longitudinal deformation, were both important and independent predictors of mortality or heart transplantation in systolic HF. GLS and E/E ′ sr may be better than LVEF and the E/E ′ ratio for the risk stratification of patients with systolic HF. The combined assessments of GLS and E/E ′ sr ratio by speckle strain analysis are clinically feasible and help to identify high-risk patients. Figure 3 Kaplan -Meier curves of patients subdivided by the GLS (≥7.5% or ,7.5%) and E/E ′ sr ratio (≥195 cm or ,195 cm). Patients with impaired systolic (GLS , 7.5%) and diastolic (E/E ′ sr ≥ 195 cm) function had the highest risk. Abbreviations are as in Figure 2. Y.-H. Chan et al.
